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The Mars Helicopter (MH) will be flying on the NASA Mars 2020 rover mission 
scheduled to launch in July of 2020. Research is being performed at the Jet Propulsion 
Laboratory (JPL) and NASA Ames Research Center to extend the current capabilities 
and develop the Mars Science Helicopter (MSH) as the next possible step for Martian 
rotorcraft. The low atmospheric density and the relatively small-scale rotors result in 
very low chord-based Reynolds number flows over the rotor airfoils. The low Reynolds 
number regime results in rapid performance degradation for conventional airfoils due to 
laminar separation without reattachment. Unconventional airfoil shapes with sharp 
leading edges are explored and optimized for aerodynamic performance at representative 
Reynolds-Mach combinations for a concept rotor. Sharp leading edges initiate 
immediate flow separation, and the occurrence of large-scale vortex shedding is found 
to contribute to the relative performance increase of the optimized airfoils, compared 
to conventional airfoil shapes. The oscillations are shown to occur independent from 
laminar-turbulent transition and therefore result in sustainable performance at lower 
Reynolds numbers. Comparisons are presented to conventional airfoil shapes and peak 
lift-to-drag ratio increases between 17% and 41% are observed for similar section lift. 

I. Nomenclature 

𝑩 Bézier curve (vector of coordinates) 
𝑐 airfoil chord 
𝑐# section drag coefficient, 𝑐# ≡  %

(1 2⁄ )(∞*∞
2 , 

𝑐#
∗ reference section drag coefficient 

𝑐#./0
 minimum section drag coefficient 

𝑐#1
 mean section drag coefficient 

𝑐2 section lift coefficient, 𝑐2 ≡  3
(1 2⁄ )(∞*∞

2 , 
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𝑐2
∗ reference section lift coefficient 

𝑐2.45
 maximum section lift coefficient 

𝑐21
 mean section lift coefficient 

𝑐6 section moment coefficient, 𝑐6 ≡  74
(1 2⁄ )(∞*∞

2 ,2 
𝐶9  pressure coefficient, 𝐶9 ≡ :−:|5̃ ==0.30⁄

(1 2⁄ )(∞*∞
2  

𝐷 section aerodynamic drag force 
𝑓 airfoil camber 
𝑓C objective function 
𝑔 gravitational acceleration 
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𝑮 generation (vector of chromosomes) 
𝑖, 𝑗, 𝑘, 𝑛 counter 
𝐿 section aerodynamic lift force 
𝑚 mass 
𝑀 Mach number 
𝑀M section aerodynamic pitch moment 
𝑀NC: tip Mach number 
𝑁 integer number 
�̃� transported amplification factor 
𝑁Q number of chromosomes 
𝑁,RCN critical amplification factor (envelope) 
𝑁S number of genes 
𝑁T number of objectives 
𝑃  probability 
𝑷W Bézier curve (vector of control points)  
𝑅 rotor radius; rank 
𝑟 rotor radial coordinate 
𝑅(0,1) random number (between 0 and 1, inclusive) 
𝑅𝑒 Reynolds number 
𝑅𝑒, chord-based Reynolds number 
𝑡 airfoil thickness 
𝑡\ airfoil baseline thickness 
𝑇𝑢∞ free-stream turbulence intensity (%) 
𝑢, 𝑣, 𝑤 velocity components 
𝑈∞ freestream velocity 
𝑉NC: tip velocity 
𝑥 decision variable (gene) 
𝒙 chromosome (vector of decision variables, 

genes) 
𝑥, 𝑦, 𝑧 Cartesian coordinates 
𝑦+ dimensionless wall distance 
𝛼 angle of attack 
𝛽 parameter controlling perturbation 

mutations 
𝛿1 leading-edge angle (of double-edged plate) 
𝛿2 trailing-edge angle (of double-edged plate) 
𝛿3 leading-edge slope of camber (of cambered 

plate) 
𝛾 intermittency 
𝛾̃ modified intermittency, 𝛾̃ ≡ ln 𝛾 
𝜌∞ freestream density 
𝜏 limited freestream turbulence intensity; 

Bézier interval 

II. Introduction 

The Mars Helicopter will be flying on the NASA 
Mars 2020 rover mission scheduled to launch in 
July of 2020.1 The small, autonomous rotorcraft 
aims to demonstrate the viability and potential of 
heavier-than-air vehicles in the Mars atmosphere. 
The Mars atmosphere poses numerous challenges 
for heavier-than-air flight. The low atmospheric 

density results in very low chord-based Reynolds 
numbers for rotor operation, 𝑅𝑒, =̃ 104. The low 
density and low Reynolds number reduce the lift 
force and lift efficiency, respectively, which are 
only marginally compensated for by a lower 
gravitational acceleration of around 𝑔 =
3.71 𝑚 𝑠2⁄ . The predominantly CO2 based 
atmosphere results in a low specific heat ratio and 
gas constant. Combined with the relatively low 
average temperature, this results in a decreased 
speed of sound and hence higher observed Mach 
numbers over the rotor, further constraining rotor 
operation in the Mars atmosphere. 
 The design of the MH features a co-axial rotor 
with a mass of roughly 𝑚 = 1.8 𝑘𝑔 and a 𝑅 =
1.21 𝑚 rotor diameter. The rotor design features 
two counterrotating, hingeless, two-bladed rotors 
using conventional airfoil shapes.2 The rotors are 
spaced apart at approximately 8–9% of the rotor 
diameter and are designed to operate at speeds up 
to 2800RPM. The tip speed and tip Mach number 
during hover in the Martian atmosphere are 
roughly 𝑉NC: = 177 𝑚 𝑠⁄  and 𝑀NC: = 0.76, 
respectively. The helicopter is mounted on the 
bottom of the Mars 2020 rover for its journey to 
Mars. The rover places the helicopter on the 
ground after touchdown, starting a 30-day flight 
test campaign of up to five flights of a few 
hundred meters. 
 Koning, Johnson, and Allan performed an 
evaluation of the two-dimensional boundary-layer 
state for the MH airfoils in hover and concluded 
that laminar-turbulent transition of the boundary 
layer is unlikely and the flow will remain 
predominantly laminar over the rotor in hover.2 
The laminar boundary layer separation for 
conventional airfoils at low Reynolds numbers 
results in rapid deterioration of the attainable 
aerodynamic efficiency of the airfoil and, by 
extension, rotor. Koning, Johnson, and Grip 
describe the generation of the improved Mars 
Helicopter aerodynamic rotor model and correlate 
against experimental performance results of the 
Mars Helicopter in Mars atmospheric conditions 
in the 25-ft-diam Space Simulator at the Jet 
Propulsion Laboratory (JPL).3 The various 
boundary layer states and the effect of transition 
modeling are also discussed.  
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Research is performed at the Jet Propulsion 
Laboratory (JPL) and NASA Ames Research 
Center to extend the capabilities of the MH and 
develop the MSH as the next possible step for 
Martian rotorcraft. The MSH mass is scaled up to 
the 5 to 20 kg range, allowing for a science payload 
(approximately 0.5 to 2.0 kg), and greater range 
(ranging from 900 m to approximately 3000 m).4,5 
Key to achieving these targets is careful 
aerodynamic design of the rotor, and therefore, at 
first, optimal design of the airfoils. 

Efficient airfoils at very low Reynolds numbers 
are relatively unexplored: their applicability for 
Earth-based vehicles is mainly limited to small 
Unmanned Aerial Vehicles (UAV), Micro Aerial 
Vehicles (MAV), and Nano Aerial Vehicles 
(NAV). Conventional airfoil shapes are likely not 
the optimal choice for efficient aerodynamic 
performance of airfoils at low Reynolds numbers. 
Work by Carmichael,6 Lissaman,7 and Mueller 
and DeLaurier8 reviews available low Reynolds 
number airfoil studies, albeit most Reynolds 
number ranges considered are higher than that 
required for the present work. Koning, Romander, 
and Johnson showed Figure of Merit 
improvements when using cambered plate airfoils 
as direct substitute for the Mars Helicopter 
airfoils.9 Koning, Romander, and Johnson 
performed single-objective optimization of plate 
airfoils for the MSH and found promising 
performance for plate-type airfoils with a sharp 
leading edge.10 The present work extends the 
analysis to multi-objective optimization (MOO), 
using an evolutionary algorithm to identify 
optimized unconventional airfoil shapes and 
design trends. 

III. Subcritical Airfoil Performance 

Conventional airfoils at high Reynolds numbers 
usually experience laminar-turbulent transition of 
the boundary layer, allowing the airfoils to reach 
relatively high lift-to-drag ratios compared to 
lower Reynolds numbers. The turbulent boundary 
layer exhibits irregular fluctuations which result 
in unsteady small-scale eddying motion that 
causes a continuous transport of energy from the 
freestream into the boundary layer. The exchange 
of momentum due to this turbulent mixing causes 

an increase in the shear stress at the wall and the 
time-averaged value of the velocity components.11 
Therefore, the turbulent boundary layer can 
overcome a larger adverse pressure gradient and 
hence is less prone to separation, resulting in 
improved airfoil performance. Whereas the 
turbulent shear stresses are higher than those 
found in the laminar boundary layer and thus 
increase the friction drag, the prevention of flow 
separation prevents a large increase in pressure 
drag, resulting in a reduction in net drag.12 
Laminar-turbulent transition only occurs for 
airfoils above a critical Reynolds number in the 
supercritical Reynolds number regime (the term 
‘critical’ is used here as the termination of laminar 
separation).13,14  

In the subcritical Reynolds number regime, 
and around the critical Reynolds number regime, 
however, the airfoil performance deteriorates. The 
following section discusses the reasons for the 
relatively poor performance of conventional 
airfoils at these Reynolds numbers, the relatively 
good performance of thin or plate-type airfoils. 
The various instabilities and the phenomena 
attributing to the complexity of low Reynolds 
number aerodynamics are also discussed. The 
term ‘turbulence’ is used throughout this paper to 
indicate ‘small-scale chaotic motion’, not to be 
confused with laminar unsteady flows. 

A. Conventional Subcritical  
Airfoil Performance  

The aerodynamic performance of conventional 
airfoils starts to deteriorate below roughly 𝑅𝑒,  =
 500,000.6,7 With decreasing Reynolds number, 
the relative strength of the viscous forces increases 
(compared to the inertial forces), progressively 
damping disturbances found in the flow and 
delaying the region of laminar-turbulent 
transition over the airfoil surface. Consequently, 
the boundary layer on the airfoil upper surface 
may remain laminar downstream of the point of 
pressure recovery.15 The laminar boundary layer 
can only support a small adverse pressure 
gradient without separation11 and will thus 
commonly separate at lower Reynolds numbers. 
This is the primary impediment to low Reynolds 
number (conventional) airfoil performance16 and 
can cause large-scale flow separation on the 
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airfoil. The net drag is increased due to the 
pressure drag component caused by the 
separation, despite a possible reduction in friction 
drag due to the flow reversal in the region of 
separated flow.12 The increased thickness of the 
boundary layer at lower Reynolds numbers14 (and 
the possible separation on the aft section of the 
airfoil) reduce the lift coefficient, albeit to a lesser 
extent than the increase in drag coefficient.13 

McMasters and Henderson17 provide an 
overview of airfoil performance over a large 
Reynolds number range as shown in Fig. 1. 
Around the Reynolds number range 50,000 <
 𝑅𝑒,  <  200,000 a reduction in maximum section 
lift-to-drag ratio for smooth (conventional) 
airfoils is observed of around 1.5 orders, 
attributable to the laminar separation of the 
boundary layer. Airfoils with increased surface 
roughness are shown to remain competitive until 
slightly lower Reynolds numbers.  

 

 
Fig. 1 Lift-to-drag ratio as function of Reynolds number, from 
McMasters and Henderson.17 

The minimum section drag coefficient versus 
Reynolds number for smooth (conventional) 
airfoils is shown in Fig. 2. 

 

 
Fig. 2 Minimum section drag as function of Reynolds 
number, from McMasters and Henderson.17 

The laminar separated shear layer results in 
flow destabilization, and the separated shear layer 
remains detached only at sufficiently low 
Reynolds numbers (or sufficiently high angles of 
attack).6 At slightly higher Reynolds numbers, 

the turbulent separated shear layer entrainment 
causes reattachment of the flow into the turbulent 
boundary layer on the airfoil further downstream, 
increasing airfoil performance.7,18,19 The stability, 
transition, and unsteady characteristics of 
boundary layers are fundamentally different from 
those of separated shear layers.20 Tollmien-
Schlichting (T-S) waves originating from the 
boundary layer prior to separation are transferred 
into the laminar separated shear layer and may 
grow exponentially, possibly causing laminar-
turbulent transition of the (separated) shear layer 
with resulting reattachment.21,22 The 
reattachment forms a laminar separation bubble 
(LSB) and can take the form of a steady, closed 
separation bubble under a relatively weak adverse 
pressure gradient.23 A simplified sketch indicates 
the flow complexity of an LSB is shown in Fig. 3.  

  

 
Fig. 3  Elements of a steady (or time-averaged) laminar 
separation bubble with turbulent reattachment, from 
Carmichael.6 

A decrease in T-S wave amplitude can also 
delay laminar-turbulent transition in the 
(separated or bounded) shear layer. External 
disturbances such as freestream turbulence 
(FST), surface roughness and vibration, and 
acoustic waves can generate instability waves20,24 
(the process known as receptivity). Therefore, the 
external disturbances are able to affect the overall 
amplification of disturbances in the separated 
shear layer, and hence change the location of 
turbulent reattachment. Freestream turbulence 
effects on separation bubble properties and low 
Reynolds number performance were shown 
experimentally by O’Meara and Mueller, Simoni 
et al.,25 Laitone,26 and Wang et al.27 The reverse 
flow region in the separation bubble can also 
cause the laminar region of the bubble to be 
affected by backward effects from the disturbed 
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flow in the downstream part of the bubble.21 The 
overall T-S wave amplitude is difficult to predict 
because the contributors to shear layer receptivity 
are inherently difficult to accurately model, and 
can behave highly nonlinear. As amplification is 
also dependent on the correct frequency band, the 
analysis is complicated further and might cause 
difficulty correlating experiments to 
simulations.28 

 

 
Fig. 4 Aspects of laminar flow breakdown in the separation 
region, from Boiko et al.21 

The transition to turbulence in the separated 
shear layer and subsequent reattachment of the 
turbulent boundary layer is one of the phenomena 
that occur at laminar flow destabilization. The 
instability to T-S waves is often the primary 
instability up to the separated flow region, 
whereas the separated shear layer is subsequently 
also unstable to the Kelvin-Helmholtz (K-H) 
instability.29–32 The shedding of coherent vortices 
is often accredited to the primary instability 
mechanics of the K-H instability23 and may have 
a large impact on the fluctuating forces on the 
airfoil.33 

Increasing strength of the adverse pressure 
gradient causes progressive undulation of the 
separated shear layer and oscillation of the 
reattachment location. The oscillation due to the 
(inviscid) K-H instability can cause the shear 
layer to ‘roll-up’ as a prelude to the onset of K-H 
vortices which can develop downstream, 
amalgamate, and ultimately cause the formation 
of large-scale vortex shedding.21,25,29,33,34 The 
vortex roll-up of the separated shear layer due to 
the K-H instability is sketched in Fig. 5. The 
shear layer velocity profile can be decomposed 
into a constant and equal velocity across the shear 
layer and a velocity shear component. The 
velocity shear component results in pressure 
differences that start the K-H instability and 
ultimately cause vortex formation. 

Gaster35 first observed ‘bubble bursting’ which 
is the process through which a ‘short bubble’ 

transitions to a ‘long bubble’. This is likely the 
transition from a steady to a (time-averaged) 
unsteady LSB and indicates the onset of vortex 
shedding, as reported by Pauley, Moin, and 
Reynolds.29 The shedding of large-scale vortical 
structures is not caused by laminar-turbulent 
transition upstream, but can initiate transition, 
promote turbulence, and contribute to (possible) 
boundary layer reattachment.25,29 As the 
Reynolds number is decreased, the wavelength of 
the K-H vortices is seen to increase.34 At higher 
angle of attack, or at increased strength of the 
adverse pressure gradient, the shear layer 
oscillations occur earlier and stronger with larger 
observed K-H vortices.33 

 

 
Fig. 5 Schematic representation of vortex roll-up due to the 
Kelvin-Helmholtz instability of a separated shear layer. 

The range 30,000 <̃  𝑅𝑒,  <̃  70,000 is of 
interest to MAVs8 or small UAVs27 and can hence 
make use of the findings in the present work. 
Below 𝑅𝑒,  =̃  50,000 the laminar separated shear 
layer on a (conventional) airfoil normally does not 
transition to turbulent flow in time to reattach to 
the airfoil surface.6,8 The primary chord-based 
Reynolds number range of interest for a Mars 
rotor airfoil is around 10,000 < 𝑅𝑒,  <
 30,000.2,3,10 The instabilities of the separated 
flow, both transition to turbulence and self-
excited shedding of coherent vortices, have a 
strong impact on airfoil operation and stall at low 
Reynolds numbers. Wang et al. investigated the 
NACA 0012 airfoil at chord-based Reynolds 
numbers between 5,300 < 𝑅𝑒,  <  20,000 with 
varying turbulence intensity of the oncoming 
flow.27 The analysis describes eight distinct flow 
structures in four proposed Reynolds number 
regimes, as shown in Fig. 6. 

The flow structures identified by Wang et al. 
in Fig. 6 are flow structure A, “a fully attached 
laminar boundary layer” at sufficiently low 
Reynolds number, flow structure B, “a partially 
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attached laminar boundary layer with separation 
near the trailing edge without reattachment of the 
flow”, flow structure C, “a fully separated laminar 
boundary layer without reattachment of the flow”, 
flow structure D, “a laminar bubble with possible 
transition downstream”, and flow structure E, 
“laminar separation with turbulent 
reattachment.”27  

 

 
Fig. 6 Schematic of flow structures around NACA 0012 airfoil 
for each Reynolds number regime, from Wang et al.27 

Koning, Johnson, and Grip generated an 
aerodynamic rotor model for the NASA Mars 
Helicopter using two-dimensional time-accurate 
CFD simulations in OVERFLOW for 
comprehensive analyses. They correlated the 
observed flow structures over the (conventional) 
outboard airfoils at various angles of attack to 
flow structures B, C, and D.3 As angle of attack 
or Reynolds number26 is varied, the flow state can 
switch between structures A to E; leading to pre-
stall nonlinearity in the lift curve as 
experimentally observed by Wang et al.27 Largely 
laminar behavior of the bounded and separated 
shear layer was observed with possible exceptions 
at high angles of attack and/or higher Mach 
numbers. Koning, Johnson, and Allan applied a 
simplified linear stability theory (LST) model to 
the boundary layer of the (conventional) airfoils 
of the NASA Mars Helicopter.2 T-S waves were 
assumed to be the dominant transition-initiating 
mechanism and steady boundary layers in 
predominantly two-dimensional flow were 
assumed. It was concluded from the cumulative 
amplification ratio over the airfoil and boundary 
layer Reynolds numbers upon separation that 
transition of the boundary layer is unlikely and 
the flow will remain predominantly laminar over 
the MH rotor in hover. 

Huang and Lin also studied the flow patterns 
and unsteady flow structures on a NACA 0012 as 
shown in Fig. 7. The region between the dashed 
lines indicate the Reynolds number region that 
could not be identified due to experimental 
difficulties. The findings are in overall agreement 
with the work from Wang et al.27 They further 
analyze the von Kármán vortex street in the wake 
of the airfoil and observe fully laminar behavior 
at the low end of the investigated Reynolds 
number range.36  

 

 
Fig. 7 Regions of characteristic flow modes of an NACA 0012, 
from Huang et al.36  

The work from Wang et al.27 and Huang and 
Lin36 indicates that the NACA 0012 airfoil under 
low angles of attack and 𝑅𝑒,  <̃  50,000 
experiences laminar separation without 
reattachment and causes severe deterioration of 
the airfoils’ aerodynamic performance. Wang et 
al. attribute the deterioration of airfoil 
performance in the low and ultra-low Reynolds 
number range to this behavior. Yarusevych and 
Sullivan37 investigate the NACA 0025 airfoil and 
observe turbulent reattachment of the separated 
shear layer at 𝑅𝑒,  =  150,000. At lower Reynolds 
numbers, 𝑅𝑒,  =  55,000 and 𝑅𝑒,  =  100,000, 
the K-H vortices in the shear layer propagate 
further downstream without turbulent 
reattachment. Carmichael estimates a chord-
based Reynolds number of 𝑅𝑒,  <  50,000 for the 
occurrence of reattachment after laminar 
separation in a non-turbulent stream for 
conventional airfoils.6 

Slightly higher Reynolds numbers are more 
prone to separation bubbles, increasing 
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performance compared to laminar separation 
without reattachment. The performance remains 
hard to reliably predict, as the freestream 
turbulence level can have a dramatic effect on the 
LSB behavior, and thereby airfoil performance. 
Variations in freestream turbulence levels in 
experiments at low Reynolds numbers have shown 
large performance changes. Hoffmann observed a 
30% increase of 𝑐2.45

 for a NACA 0015 at 
𝑅𝑒, =  250,00038 and Laitone shows a 49% 
decrease in lift-to-drag ratio for a NACA 0012 
airfoil at 𝑅𝑒,  =  20,700 with varying FST 
levels.26 Wang et al. observe 𝑐2.45

 and 𝑐2/𝑐# are 
increased by 52% and 454%, respectively, at 
𝑅𝑒,  =  5,300, and 𝑐2.45

 changes by 10% around 
𝑅𝑒,  =  20,000 for the NACA 0012 airfoil with 
varying levels of FST.27 Turbulence intensity 
changes show similar effects on airfoil 
performance as changes in chord-based Reynolds 
number.27 As such, it is hypothesized that any 
other parameter influencing the receptivity of the 
boundary layer (surface roughness, vibrations, 
and acoustic waves) can cause similar fluctuations 
in measured or predicted airfoil performance. 

B. Sharp Leading Edge Performance  
at Low Reynolds Numbers 

Around and below 𝑅𝑒,  =  50,000 a 
conventional airfoil shape is a suboptimal choice 
to achieve good aerodynamic performance.6,8,39 
The primary reasons for this are (i) laminar 
separation without reattachment at the lower 
Reynolds number bound will result in high 
pressure drag and reduced lift and (ii) the 
Reynolds number, and factors influencing the 
receptivity of the boundary layer, can make airfoil 
performance highly dependent on flow and airfoil 
conditions. 

It has been observed that flat and cambered 
plates in this Reynolds number range provide 
relatively high aerodynamic performance. Hoerner 
compares the performance of the N60 
(conventional) airfoil to a cambered plate between 
10,000 < 𝑅𝑒,  <  1,000,000 and shows the 
dramatic performance drop of the conventional 
airfoil as it enters the subcritical regime. This is 
in comparison to the relatively constant 
performance of the cambered plate.13 The section 
lift and drag versus Reynolds number are shown 

in Fig. 8 and Fig. 9, respectively. The relative 
increase of the performance of a flat plate can also 
be seen in Fig. 1, simple flat plates outperform 
conventional airfoil sections for 
𝑅𝑒, <̃ 80,000.13,17,26 

 

 
Fig. 8 Section lift coefficient versus Reynolds number at 
constant angle of attack, from Hoerner.13  

 
Fig. 9 Section drag coefficient versus Reynolds number at 
constant angle of attack, from Hoerner.13  

Circular arc airfoils with a camber value of 
around 5% are observed to outperform 
conventional airfoils and flat plates.13,14,17,26,40 
Schmitz14 performed pioneering work in 
characterizing the performance of (cambered) 
plates at low Reynolds numbers. Schmitz 
attributes the superiority of a thin, cambered 
airfoil under 𝑅𝑒,  =  100,000 to ‘favorable 
interaction of tangential approach flow to the 
leading edge at large angles of attack and nose 
turbulence,’ ‘the large camber of the lower 
surface,’ and ‘the relatively small curvature of the 
rearward upper surface.’14 As the latter two 
arguments for the high performance can be 
present in a thin conventional airfoil as well, the 
primary focus will be placed on the sharp leading 
edge. The most striking example of the added 
performance due to the sharp leading edge might 
be the performance increase of the reversed 
NACA 0012 airfoil at low Reynolds numbers 
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(trailing edge pointing upstream), indicating the 
importance of this feature to the performance at 
lower Reynolds numbers.41,42 
 Koning, Romander, and Johnson analyze a 
cambered plate and a flat plate as a direct 
substitute for the NASA Mars Helicopter rotor in 
hover and find an increase in rotor Figure of Merit 
throughout the thrust coefficient range for the 
cambered plate. A 7% increase in maximum rotor 
thrust and a 5% increase in rotor Figure of Merit 
over the design coefficient range are observed 
compared to the NASA Mars Helicopter.9  

Sharp leading edges induce a high adverse 
pressure gradient at the leading edge, enforcing 
flow separation at the leading edge and promoting 
the shedding of vortices.21,43 The shed vortices can 
mitigate total flow separation26 and the separated 
shear layer can rapidly undergo laminar-turbulent 
transition due to increased entrainment 
facilitating upper surface turbulent reattachment 
of the boundary layer in the form of an (unsteady) 
long separation bubble.13,33,39,44 As mentioned 
earlier the separated shear layer is subsequently 
also unstable to the Kelvin-Helmholtz (K-H) 
instability,29–32 promoting the shedding of 
coherent vortices. K-H vortices can have a large 
impact on airfoil performance, and with increasing 
strength of the adverse pressure gradient the 
shear layer oscillations can start further 
upstream, and produce stronger and larger K-H 
vortices.33 

Koning, Romander, and Johnson performed 
optimization of plate airfoils with sharp leading 
edges at low Reynolds numbers. Amongst others, 
a plate with a cubic variation of its camber line 
and a double-edged plate airfoil (see Fig. 21) were 
investigated.10 Single objective optimization at 
target 𝑐2 =̃ 0.65 for 𝑀 =  0.30 and 𝑀 =  0.50 
showed the shedding of vortices over the upper 
surface for all optimized geometries and 
conditions. Lift-to-drag increases for the double-
edged plate are around 7% to 12% and 15% to 
28%, compared to the cambered plate or Mars 
Helicopter outboard (conventional) airfoil, 
respectively. Recently, Traub and Coffman also 
show the improvements of a flat plate with 
deflected leading and trailing edge flaps compared 
with a circular arc airfoil and three conventional 
airfoils with average lift-to-drag ratio increase of 

14% around 40,000 <= 𝑅𝑒, <= 80,000. Besides 
plate airfoils, other sharp leading edge airfoil 
geometries are investigated such as a triangular 
airfoil (see Fig. 13) by Munday et al.45 and 
polygonal airfoils by Koning et al.10  

Okamoto et al.,46 Laitone,26 and Pelletier and 
Mueller,47 show the comparatively low influence 
of freestream turbulence to plate performance. 

For Mars rotor applications a relatively high 
Mach number is observed due to the low speed of 
sound in the Mars atmosphere (based on the lower 
values of the specific heat ratio, gas constant, and 
temperature in the Mars atmosphere). Anyoji et 
al.48,49 conclude that flat plates are relatively 
insensitive to Mach number at 4,300 <= 𝑅𝑒, <=
41,000 and 0.1 <= 𝑀 <= 0.6.48 In addition, 
Anyoji et al.49 show that the specific heat ratio in 
the Mars atmosphere has little effect on the 
aerodynamic performance. Suwa et al.50 also show 
the relative Mach number insensitivity of sharp 
leading edge airfoils at 𝑅𝑒, = 3,000 and 𝑅𝑒, =
10,000 for 𝑀 = 0.15, 0.50, and 0.70. Chapman, 
Kuehn, and Larson51 investigate transition of 
separated flows at higher Mach numbers behind 
sharp edges and observe increased stability of the 
laminar separated shear layer with Mach number. 

C. Laminar-Turbulent Transition  
and Shedding Instabilities 

At low chord-based Reynolds numbers fully 
laminar separation bubbles (with or without 
transition downstream of the reattachment 
location) over airfoils can occur51–53 and have been 
observed experimentally.27,36,48 Also the 
separation bubble behind a flat plate at 𝛼 = 2.5° 
at 𝑅𝑒,  =  10,000 is observed to have laminar 
reattachment.54,55 Often, laminar-turbulent 
transition of the free shear layer is the sole reason 
mentioned for reattachment of the boundary 
layer, similar to the sketch shown in Fig. 4. This 
is likely due to the higher Reynolds number range 
discussed in the majority of low Reynolds number 
research, focusing around 𝑅𝑒, =̃  105, where this 
can be the dominant instability. However, other 
instability phenomena are initiated by the 
separated shear layer resulting in large-scale two- 
and three-dimensional vortices shedding into the 
reattached boundary layer.43 The absence of 
steady separation bubbles (versus large-scale 
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unsteady vortex shedding) results in an absence 
of stall, in the sense of a steep drop in lift 
coefficient or steep rise in section drag 
coefficient.56 

The vortices can be generated through growth 
of the separated shear layer disturbances,43 K-H 
instabilities,25,30,33 or possibly different shedding 
type instabilities.52 Boiko et al. note that the 
influence of laminar-turbulent transition is 
marginal compared to the instability phenomena 
initiated by the separation and that they occur 
independently from each other.43 Pauley, Moin, 
and Reynolds also conclude that unsteady 
separation arises from the separated shear layer 
instability and that the large coherent vortices 
play a dominant role in the (unsteady) 
reattachment over the small-scale turbulence.29 
The periodic vortices are thus not produced by 
amplification of the shear layer disturbances but 
are hypothesized to be self-excited systems 
influenced only by local stability properties.43 
That the instabilities are only marginally 
influenced by small-scale chaotic motion 
(turbulent flow) is crucial in explaining the 
relatively good performance of sharp leading edge 
airfoils: the high adverse pressure gradient 
promotes the shedding of coherent vortices, that 
mitigate the effect of total flow separation, 
independent of laminar-turbulent transition. The 
contribution of the vortices to the separated flow 
still depends on the flow configurations, the mean 
parameters, and environmental perturbations.21 
Downstream of the onset of shedding, neighboring 
vortices can amalgamate and transform into two- 
and three-dimensional structures, ultimately 
breaking down to turbulent flow.25,30,33,57 
However, the contributions of laminar-turbulent 
transition after an initial laminar shedding 
process is hypothesized to be secondary to the 
‘certainty’ of vortex shedding in the Reynolds 
number range under consideration for airfoils with 
sharp leading edges. At lower Reynolds numbers, 
however, the K-H vortices do not have to break 
down and can propagate further downstream and 
influence the wake vortex shedding 
characteristics.31 The leading edge shear layer and 
possible K-H vortices will interact with Karman 
vortices shed at the trailing edge, further 
influencing airfoil performance.33 

The Reynolds number range of interest here is 
close to that studied for biological sources for 
insect and bird flight. Dragonfly airfoils studied in 
steady flow below 𝑅𝑒, = 8,000 are found to 
operate in laminar flow,58 despite the large 
corrugations present along the chord. Swift 
airfoils contain leading-edge corrugations up to 5-
10 times smaller in amplitude compared to 
dragonfly wings,59–61 and a height of around 2% 
chord (similar to the measured local boundary 
layer), but the flow is observed to remain laminar 
for lower angles of attack at 𝑅𝑒,  =  13,300 and 
𝛼 = 4.5°.61,62 Hummingbirds wings in steady flow 
have been observed to not operate in fully laminar 
flow between 5,000 < 𝑅𝑒,  <  15,000 at a higher 
angle of attack, 𝛼 = 10.0°.63 
 The mitigation of large-scale flow separation 
by the leading-edge shedding of coherent vortices 
(in absence of the performance degradation due to 
a laminar separation without reattachment) is the 
primary reason for the relatively good 
performance of sharp leading edges around 𝑅𝑒,  =
 50,000 and below. This is in sharp contrast to 
conventional airfoil performance where the onset 
of large-scale vortex shedding (or ‘bubble 
bursting’) and collapse of the laminar separation 
bubble marks the onset of poor performance 
(compared to laminar-turbulent transition and 
boundary layer reattachment).27 The shear layer 
instabilities resulting in the onset of vortex 
shedding are separate from laminar-turbulent 
instabilities and therefore, can prove reliable at 
these and perhaps lower Reynolds numbers. On 
top of that, the relatively low influence of 
freestream turbulence values, and assumed other 
possible receptivity processes, reduce the 
sensitivity to operating conditions that is common 
for conventional airfoils around this Reynolds 
number range. 

IV. Evolutionary  
Multi-Objective Optimization 

Numerous strategies exist to address multi-
objective optimization (MOO) problems. The 
present work uses Evolutionary Multi-Objective 
Optimization (EMOO). There exist numerous 
EMOO techniques with their own advantages and 
disadvantages; an overview can be found in the 
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work by Coello.64 The present work is the 
continuation of a previous study focusing on 
optimization of plate airfoils for Martian rotor 
applications using single-objective optimization 
(SOO) by Koning et al.10 Here, an EMOO 
approach similar to the Nondominated Sorting 
Genetic Algorithm65,66 (NSGA) and the Multi-
Objective Genetic Algorithm (MOGA)67 is used 
and follows the approach as presented by Holst 
and Pulliam.68 The main advantages for using 
MOGA optimization are the relatively simple 
implementation, the parallel nature of the 
procedure, and the robustness of the approach, as 
it does not rely on a smooth unimodal design 
space (no derivative information is required).69,70 
It is assumed that the unconventional airfoils 
under consideration are prone to result in multiple 
local optima in the design space in the current (or 
potential future) studies. A downside of the 
MOGA approach is expense, as in general more 
function evaluations are required when compared 
to gradient-based methods.68,69  

In MOO it is uncommon for a single optimal 
solution to exist with respect to all objectives. 
MOO techniques therefore give rise to a set of 
Pareto optimal solutions instead of a single design 
solution that is usually obtained using SOO 
methods. A vector of decision variables is Pareto 
optimal if no improvement can be achieved in one 
cost vector component that does not lead to 
degradation in at least one of the remaining 
components.67 The multi-objective problem is of 
the form: 

 
minimize (𝑓1(𝒙),… , 𝑓s(𝒙),… , 𝑓tu

(𝒙)) 

 
where 𝑁T is the number of objective (cost) 
functions 𝑓C that are to be minimized and 𝒙 is the 
decision variables vector. A decision variable 
vector 𝒙∗ = (𝑥1,… , 𝑥C,… , 𝑥tx

) in the design 
space Ω that satisfies all constraints is Pareto 
optimal if there is no other 𝒙 ∈  Ω such that 
𝑓C(𝒙) ≤ 𝑓C(𝒙∗) for all 𝑖 =  1,… , 𝑁T and 𝑓}(𝒙) <
𝑓}(𝒙∗) for at least one 𝑗. The final solution is the 
set of Pareto optimal points or the Pareto optimal 
set. All vectors of decision variables in the Pareto 
optimal set are called nondominated, or 
noninferior. The Pareto optimal set allows for the 

direct evaluation of the decision variable variation 
without choosing weighting factors prior to 
knowing their influence.  

A. Genetic Algorithm 
The Genetic Algorithm is the driver of the 

MOGA approach, and combines ranking and 
selection techniques in combination with a variety 
of modification operators to balance exploitation 
and exploration of the solution space. A 
Continuous Genetic Algorithm (CGA) is used in 
the present studies instead of binary-encoding, as 
this is shown to reduce computational expense71 
and describes the decision variables more 
logically.68 The optimization procedure as 
described by Holst and Pulliam68 is used for the 
present work, with only minor variations. For the 
benefit of the reader, certain parts of the 
procedure and the modification operators as 
presented by Holst and Pulliam are repeated here 
for clarity; and the reader is referred to the 
reference for a more in-depth description.68  

In GA jargon a population consists of multiple 
decision variable vectors 𝒙, or chromosomes, 
which in turn consist of 𝑛 design variables 𝑥, or 
genes. A chromosome contains the complete 
specifications of a possible design and is described 
by 

 
𝒙}

~ = 𝒙}
~(𝑥1,}

~ ,… , 𝑥C,}
~ ,… , 𝑥tx,}

~ ) 
 

where 𝒙}
~ is chromosome number 𝑗 of the 

population, which corresponds to generation 
number 𝑛. Each chromosome consists of 𝑁S genes 
𝑥C,}

~  with gene number 𝑖.  
 Each gene is subject to (in)equality constraints 
which limit the airfoil geometry so as to limit the 
design space to reasonable airfoil geometries in 
terms of, for example, camber and slope 
constraints.  
 
1. Initialization 
The initial generation 𝑮~ = 𝑮0 is formed using a 
(constant) population size 𝑁Q  =  20  

 
𝑮0 = (𝒙1

0,… , 𝒙}
0,… , 𝒙t�

0 ) 

and each gene within each chromosome 𝒙}
0 is 

initialized, where possible, using 
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𝑥C = 𝑅(0,1)(𝑥6M�/

− 𝑥6C~/
) + 𝑥6C~/

 

with 𝑅(0,1), a random numerical value between 
0.0 and 1.0, inclusive. Certain constraints, such as 
minimum enclosed angle limitations for correct 
meshing, or slope limitations on a Bézier curve 
element, are dependent on multiple genes, or are 
hard (or impossible) to explicitly encode in some 
cases. In these cases, the constraints are enforced 
implicitly while efforts are taken to minimize the 
influence on the workings of the GA itself. The 
coupling between different parameters of an 
objective function, or epistasis, cannot become too 
high as this will negatively impact the GA 
performance.72 

 
2. Ranking 

The flow solver OVERFLOW 2.2o73 is used to 
evaluate the cost (or fitness) of each chromosome, 
as will be discussed in the following chapters. 
Representative objective functions could be the 
minimization of drag and the maximization of lift. 
After the cost is assigned for all objective 
functions, all chromosomes in the population are 
given a rank using Goldberg ranking.74 

The algorithm starts by identifying all 
nondominated chromosomes of the population 
and assigns them rank 𝑅 = 1, after which the 
chromosomes are removed from the population. 
The nondominated chromosomes of the remaining 
population are given rank 𝑅 = 2. This process 
continues until all chromosomes are given a rank. 
The rank 1 chromosomes of the population are 
then ranked against the rank 1 chromosomes of 
the previous generation, resulting in a Pareto 
optimal set for the current generation. 

 
3. Selection 

The distance between Pareto optimal solutions 
in objective space is used to sort the chromosomes 
prior to extracting the top 𝑁Q chromosomes for 
modification operators, increasing the selection 
chances for nondominated chromosomes in 
underdeveloped regions of the Pareto front in an 
effort to distribute the solutions over the front. 
The Pareto end points are always included in the 
selection as the top chromosomes to avoid local 
refinement of the Pareto front. This selection 

procedure bears resemblance to the bin selection 
as described by Holst and Pulliam68 and the 
uniqueness value in the NSGA algorithm. The 
final selection is placed in the selection array 

 
𝑮N = (𝒙1

N ,… , 𝒙}
N,… , 𝒙t�

N ) 
 
If the Pareto optimal set for the current 

generation contains less rank 1 chromosomes than 
the population size 𝑁Q , the selection adds the 
highest ranking chromosomes to the selection 
until the number of chromosomes matches 𝑁Q . 

 
4. Modification Operators 

After the selection of chromosomes 𝑮N has 
been made, various modification operators are 
applied to create the next generation of 
chromosomes. For clarity to the reader, the 
modification operators as presented by Holst and 
Pulliam are repeated here; and the reader is 
referred to the reference for a more in-depth 
description.68 

 
Passthrough 

The first 10% (or 2 chromosomes with the 
𝑁Q = 20) from 𝑮N are passed through to the next 
generation without any modification. These are 
always the chromosomes with the highest 
individual fitness (i.e. the Pareto front end 
points), guaranteeing that maximum individual 
fitness will never drop between generations. 
 

Random Average Crossover 
The following 30% (or 6 chromosomes with the 

𝑁Q = 20) of the next generation consists of 
chromosomes obtained using random average 
crossover. For each randomly-chosen chromosome 
in the next generation, two chromosomes 𝒙}1

N  and 
𝒙}2

N  are randomly chosen from the selection 𝑮N 
and form a new chromosome by combining part 
of the gene values from each 
 

𝑥C,}
~+1 = 0.5(𝑥C,}1

N + 𝑥C,}2
N ) 𝑖 = 1,2,… , 𝑁S 

where 𝑥C,}
~+1 is gene 𝑖 of chromosome 𝑗 for 

generation 𝑛 + 1 and 𝑥C,}1
N  and 𝑥C,}2

N  are the gene 
numbers 𝑖, from chromosomes 𝒙}1

N  and 𝒙}2
N , 

respectively. 
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Perturbation Mutation 
The following 30% of the next generation 

consists of chromosomes obtained using the 
perturbation mutation operator. For each 
randomly-chosen chromosome in the next 
generation, each gene has a probability of 𝑃 = 0.5 
to be perturbed a slight amount according to the 
following formula 
 

𝑥C,}
~+1 = 𝑥C,}

N + (𝑥6M�/
− 𝑥6C~/

)[𝑅(0,1) − 0.5]𝛽 
 
where 𝛽 = 0.10 controls the size of the 
perturbation mutation and 𝑅(0,1) is a random 
numerical value between 0.0 and 1.0, inclusive. 
The resulting value of each gene that is perturbed 
is checked against the constraints and modified if 
necessary. 
 

Mutation 
The last 30% of the next generation consists 

of chromosomes obtained using the mutation 
operator. This method operates similarly to the 
perturbation mutation operator with the 
difference being that each gene value is randomly 
chosen between the allowed constraints instead of 
just being perturbed. For each randomly-chosen 
chromosome in the next generation, each gene has 
a probability of 𝑃 = 0.5 to be perturbed according 
to the following formula 
 

𝑥C,}
~+1 = (𝑥6M�/

− 𝑥6C~/
)𝑅(0,1) + 𝑥6C~/

 
 

More details on the implementation of these 
operators can be found in the work by Holst and 
Pulliam.68,75 The gene-space transformation is not 
used in the present work.  

B. Design Space 
Two airfoil types are investigated for the 

present work: a cambered plate with a cubic 
Bézier curve as camber line and a double-edged 
plate type airfoil. As the application for the 
airfoils is targeted at moderate to high subsonic 
Mach numbers, the thickness is kept low (𝑡/𝑐 =
0.01). Prior work using SOO methods10 showed 
that including thickness variation still resulted in 
thin airfoils, despite the much longer time needed 
for convergence due to the added design variables. 

Both airfoil types have a thickness of 𝑡/𝑐 =
0.01 and a sharp leading edge. The bevel on the 
leading each is slightly rounded to avoid an 
infinitely sharp leading edge. Optimized designs 
might be possible where the leading edge is too 
thin for a realistic (manufacturable) design. It is 
assumed, however, that a blunter leading edge 
with low thickness will have minimal effects on 
the aerodynamic performance, similar to the 
airfoils examined by Traub and Coffman.39 Both 
airfoils contain two control points to define the 
geometry (each with two design variables), and 
angle of attack as the fifth design variable. 
Constraints are applied to ensure that practically 
all gene combinations yield airfoils with realizable 
geometry. The geometry definition for these 
airfoils is identical to previous work,10 but is 
repeated here for the benefit of the reader. 

 
1. Cambered Plate (CP) 

Curved distributions of camber or thickness 
are parameterized using cubic Bézier curves. The 
cubic Bézier curve takes shape in the following 
form 

 
𝑩(𝜏) = (1 − 𝜏)3𝑷� + 3(1 − 𝜏)2𝜏𝑷1 + 3(1 − 𝜏)𝜏2𝑷2

+ 𝜏3𝑷3 
 

where 𝜏 is the Bézier interval ranging from 𝜏 = 0 
to 𝜏 = 1, 𝑷C = [𝑥, 𝑦] are vectors containing the 
control points (with 𝑖 =  1,… , 3) and 𝑩(𝜏) =
[𝑥, 𝑦] is the point on the Bézier curve for the 
chosen value of the Bézier interval, 𝜏 . 
 The control points are constrained so that 𝑥 is 
monotonic in 𝜏 , and correspondingly, for each 𝑥 
value there can only be one 𝑦 value. Cubic Bézier 
curves can have one or two inflection points, a 
cusp, be a plain curve, or can contain a loop. 
Stone and DeRose analyze planar parametric 
cubic curves and determine the conditions for 
loops, cusps, and inflection points.76 The 
approach by Stone and DeRose is used to ensure 
constraints enforce the absence of loops as they 
result in impossible airfoil geometry. Inflection 
points and cusps are allowed. 
 A circular arc type airfoil was shown to be 
aerodynamically efficient14,26,42,46 and, although a 
cubic Bézier curve cannot exactly replicate a 
circular arc, the closest approximation results in 
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negligible deviation of the camber line from the 
exact solution.10  

Table 1 shows the base constraints for the 
double-edged plate geometry, and Table 2 shows 
the chromosome buildup. 

Table 1 Basic constraints for cambered plate airfoil 

Constraint Minimum Maximum 
Camber slope -0.50 0.50 
Camber height (y/c) -0.10 0.10 
Baseline thickness (t/c) 0.01 0.01 
Angle of attack, α -2.50 7.50 

 

Table 2 Design variable vector for cambered plate airfoil 

Decision variable/Gene Parameter 
1 Camber cubic Bézier control point 1, x 
2 Camber cubic Bézier control point 1, y 
3 Camber cubic Bézier control point 2, x 
4 Camber cubic Bézier control point 2, y 
5 Angle of attack, α 

 
The cubic Bézier curve representing the 

camber line, the airfoil thickness distribution, and 
the final airfoil shape is shown in Fig. 10.  
 

 
Fig. 10 Cambered plate camber, baseline thickness, and airfoil 
shape. The vertical axis is enlarged to show details.  

The CP airfoils have a fixed thickness 
distribution and the plate has a thickness of 𝑡/𝑐 =
0.01 to allow a structurally realistic design. The 
sharp leading edge blends smoothly with the 
constant thickness plate over the first 10% of the 
chord. The trailing edge is blunt with a thickness 

of 𝑡/𝑐 = 0.01. To avoid infinitely sharp edges, 
elliptic smoothing is applied to the leading edge 
of the airfoil. The camber control points are 
visualized with black circles and are constrained 
to not let the leading and trailing edge slopes 
exceed the constraints. The maximum slope of the 
curve and camber height is also constrained. 

 
2. Double-edged Plate (DEP) 

To evaluate faceted edges against smooth 
shapes, a double-edged plate is proposed, as 
shown in Fig. 11. Two camber control points are 
allowed to vary within constraints. A linear 
baseline thickness of 𝑡/𝑐 = 0.01 at the 𝑥-
coordinates of the two control points is added. 

 

 
Fig. 11 Double-edged plate camber, baseline thickness, and 
airfoil shape. The vertical axis is enlarged to show details.  

To ensure proper gridding, the smallest 
enclosed angle between two line segments at a 
control point is constrained to 130 degrees in the 
present work. The second control point cannot lie 
on an x-coordinate smaller than the first control 
point. For high subsonic Mach numbers, the first 
x-coordinate is constrained to lie in the first 50% 
of the chord, as the optimizer could push to create 
a very thin wedge shape.  

Table 3 shows the base constraints for the 
double-edged plate geometry, and Table 4 shows 
the chromosome buildup. To avoid infinitely 
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sharp edges, elliptic smoothing is applied to both 
the leading edge and upper surface edges of the 
airfoil. 

Table 3 Basic constraints for double-edged plate airfoil 

Constraint Minimum Maximum 
Camber slope -0.50 0.50 
Camber height (y/c) -0.10 0.10 
Baseline thickness (t/c) 0.01 0.01 
Angle of attack, α -2.50 7.50 

 

Table 4 Design variable vector for double-edged plate airfoil 

Decision variable/Gene Parameter 
1 Camber control point 1, x 
2 Camber control point 1, y 
3 Camber control point 2, x 
4 Camber control point 2, y 
5 Angle of attack, α 

V. Objective Space:  
Computational Fluid Dynamics 

Approach 

Optimization of two-dimensional airfoils at 
low Reynolds number and high subsonic Mach 
number while minimizing drag and maximizing 
lift is performed. Lift and drag values for all 
airfoils are obtained using the Reynolds-Averaged 
Navier-Stokes (RANS) solver OVERFLOW 
2.2o73 and used in the fitness functions evaluation. 
In case of oscillatory flow in the converged 
solution, Fourier techniques are used to extract 
mean values.  

The numerical approach is, to a large extent, 
similar to that used by Koning et al. for single 
objective optimization.10 Certain elements are 
repeated for the benefit of the reader. A grid 
resolution study for the present work is 
impractical due to the large number of geometries 
the optimization evaluates. Instead, two 
representative validation cases are presented for a 
triangular airfoil at 𝑅𝑒, = 3,000 for 𝑀 = 0.15 and 
𝑀 = 0.50, and a flat plate with leading and 
trailing edge flaps at 𝑅𝑒, =  40,000 at low Mach 
number. The influence of the use of a transition 
model is also compared with fully laminar 
calculations at various representative Reynolds-
Mach number combinations. 

 
 

A. Reynolds-Averaged Navier-Stokes 
Approach Using OVERFLOW 

All airfoils are analyzed using two-dimensional 
structured grids and solved using the implicit, 
compressible Reynolds-Averaged Navier-Stokes 
(RANS) solver OVERFLOW 2.2o.73 For the low 
Reynolds numbers under consideration the 
flowfield can be either laminar or transitional, 
which can benefit from the use of a transition 
model77 instead of a ‘fully turbulent’ RANS 
simulation; this is because most turbulence 
models are not designed to predict transition. 
Transition modeling, when employed, is realized 
using the Spalart-Allmaras (SA) 1-equation 
turbulence model78 (SA-neg-1a) with the Coder 2-
equation Amplification Factor Transport (AFT) 
transition model (SA-AFT2017b).79 The SA-
AFT2017b model will be referred to as the 
‘transition model’ from here on out. All solutions 
presented are run time-accurate, in an effort to 
quantify possible unsteady behavior, and use 6th 
order central differencing of the Euler terms with 
2nd order BDF2 time marching.73 

The function evaluation using a RANS-
approach is costly for optimization compared to 
mid-fidelity methods such as XFOIL.80 A RANS-
based method is a minimum requirement to 
evaluate the flow physics and airfoil performance 
for the present work as immediate leading-edge 
separation, unsteady boundary layers, and high 
subsonic Mach numbers are of interest. It is 
assumed that the optimized airfoils will all be in 
a pre-stalled condition, as the performance 
evaluation of airfoils with complete flow 
separation is difficult. Unless noted otherwise, all 
optimization is performed for representative Mars 
atmospheric conditions, as found in Koning et al.3 
The parallel nature of the Genetic Algorithm 
(GA) is used by running all chromosomes in 
parallel on the Pleiades supercomputer at NASA 
Ames Research Center, which partly offsets the 
expense (in time at least) of the GA approach. 
 
1. Fitness Function 

The fitness function is the subroutine that 
assigns the value (cost or fitness) to a set of 
variables (section lift and drag in this case). The 
algorithm is set up to minimize all objectives, so 
the fitness function is set to  
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𝑓1 = (1 −
𝑐21

𝑐2
∗ )

2
 𝑓2 = (1 − 𝑐#

∗

𝑐#1

)
2

 

 
where 𝑐2

∗ is a high (unattainable) reference lift 
coefficient 𝑐2

∗ = 2.00 and 𝑐#
∗  is a low (unattainable) 

reference drag coefficient 𝑐#
∗ = 0.01. If a solution 

diverges, or if a negative lift coefficient is 
obtained, the case is given a low fitness value. 

 
2. Mesh Approach 

For all airfoils, the near-body grid is generated 
using Chimera Grid Tools (CGT) 2.3.81 Two 
body-fitted grids model each airfoil and are 
embedded in a Cartesian background mesh (not 
shown) that extends 50 chord lengths from the 
airfoil in all directions. Flow variables are 
interpolated between grids at the overset 
boundaries in a manner that preserves the full 
accuracy of the solver. 

The body fitted grids have a split-O topology, 
as shown in Fig. 12, which is necessary to 
accommodate the grid adaption scheme available 
in OVERFLOW 2.2o.82 Grid adaption is not 
pursued in the present work due to the added 
computational cost, but it is preserved as an 
option for further analysis of specific geometries 
and flow regimes. 

 

 
Fig. 12 Near body grid for a cambered plate airfoil.  

The grids place approximately 800 points 
around the airfoil with the points clustered to 
ensure geometric fidelity and accurate capture of 
the flow gradients. Grid stretching ratios in all 
directions do not exceed 10%. The spacing normal 
to the airfoil surface places the first point at 
𝑦+ <  1. Airfoil surfaces are modeled with a 
viscous boundary condition, and the far field 

boundaries are modeled using a freestream 
characteristic boundary condition. 

 
3. Two-Dimensional Versus Three-Dimensional 
Analysis 

It is important to note that ultimately the cost 
of repeated fitness function evaluation by the 
optimization (i.e. the RANS CFD cases) is the 
prohibitive segment in using this GA for many 
separate optimizations. Therefore, all analyses 
presented will be analyzed using a two-
dimensional approach in an effort to reduce 
computational cost. Two-dimensional airfoil 
analysis can yield accurate results as long as the 
assumption of predominantly two-dimensional 
flow is valid. 

Hoarau et al.34 examine the NACA 0012 airfoil 
using DNS for 800 < 𝑅𝑒,  <  10,000 and 
conclude that for coherent large-scale structures 
in the near-field a two-dimensional approximation 
is valid. The difference between the two- and 
three-dimensional computations did not exceed 
about 10% in the study.  

At a high enough angle of attack, three-
dimensional flow is expected as spanwise 
instabilities appear and the vortices become 
incoherent and ultimately break down into 
turbulent flow. Both Balzer and Fasel23 and 
Munday et al.45 conclude for low Reynolds 
numbers and different airfoils that breakdown to 
three-dimensional flow occurs at an angle of 
attack of around 6° < 𝛼 < 8°.  

B. Validation of Numerical Approach 
To validate the approach in the preceding 

section, a set of validation cases is presented.  
 

1. Triangular airfoil at Rec = 3,000 
Munday et al.45 analyze a triangular airfoil 

using a Mars wind tunnel and (three-dimensional) 
Direct Numerical Simulations (DNS) at a 
Reynolds number of 𝑅𝑒, = 3,000 for 𝑀 = 0.15 
and 𝑀 = 0.50. The airfoil has a maximum 
thickness of 𝑡/𝑐 = 0.05 and the apex is located at 
𝑥/𝑐 = 0.30, see Fig. 13.  
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Fig. 13 Triangular airfoil as analyzed by Munday et al.45  

Fig. 14 shows the comparison between the 
mean section lift and drag coefficients from the 
present study and Munday et al. at 𝑅𝑒, = 3,000 
for 𝑀 =  0.15. The shaded areas around the 
averaged OVERFLOW results indicate the 
approximate standard deviation of the unsteady 
results. 

 

 
Fig. 14 Comparison of section coefficients at Rec = 3,000 for 
M = 0.15, DNS and experimental results from Munday et al.45  

OVERFLOW results are shown for 
simulations run fully laminar or with a transition 
model. As the freestream turbulence intensity was 
reported to be less then 𝑇𝑢∞ < 1% the transition 
model simulations were run with the 
OVERFLOW standard freestream turbulence 
intensity of around 𝑇𝑢∞ =̃ 0.082%. It can be seen 
that the lift prediction from the laminar 
calculation is slightly better at 𝛼 =  7°, until 
both methods diverge from both DNS and 
experimental results at higher angles of attack as 
unsteady flow commences. The correlation 
between OVERFLOW results and DNS results is 
slightly improved at 𝑀 =  0.50, as shown in 
Fig. 15. 

For 𝑀 = 0.50, the onset of stall is delayed to 
higher angles of attack and both OVERFLOW 
simulations perform similarly. Munday et al. 
indicate that the transition from steady to 
unsteady flow is delayed with increasing Mach 

number, which is captured by OVERFLOW 
based on the increase of the standard deviation 
from the mean around the predicted angles from 
three-dimensional flow. The divergence of the 
RANS cases versus DNS (or experimental) results 
is expected after that as the OVERFLOW cases 
are truly two-dimensional (not allowing three-
dimensional structures to develop), and RANS-
based methods are inherently limited at 
predicting stall or substantially separated flow. 
The discrepancy between experimental and DNS 
results is not known at this point. 

 

 
Fig. 15 Comparison of section coefficients at Rec = 3,000 for 
M = 0.50, DNS and experimental results from Munday et al.45  

The time-averaged pressure profiles over the 
airfoil are presented in Fig. 16 and Fig. 17 for 
𝑀 =  0.15 and 𝑀 =  0.50, respectively. 

 

 
Fig. 16 Pressure coefficient on the upper surface at α = 6°, 
M = 0.15, DNS and experimental results from Munday et al.45  

The reference pressure is taken to be the 
pressure at the apex of the airfoil at 𝑥/𝑐 = 0.30, 
as presented by Munday et al. Simulations run 
fully laminar and with transition model both show 
good agreement for the upper surface pressure 
distribution at both Mach numbers.  
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Fig. 17 Pressure coefficient on the upper surface at α = 6°, 
M = 0.50, DNS and experimental results from Munday et al.45 

 
2. Plate with leading and trailing edge flaps at 

Rec = 40,000 
Koning et al.10 and Traub and Coffman39 

independently found that a double-edged plate (or 
flat plate with leading and trailing edge flaps) can 
provide significant improvements in aerodynamic 
performance over a 5% circular arc profile. The 
most effective flapped geometry as found by 
Traub and Coffman is recreated and is shown in 
Fig. 18. It shows a plate with thickness 
𝑡/𝑐 =  0.008 and downward leading and trailing 
edge flap deflection of 15 degrees at 𝑥/𝑐 = 0.10 
and 𝑥/𝑐 = 0.80, respectively.  

 

 
Fig. 18 Plate with leading and trailing edge flaps, from Traub 
and Coffman.39 

The low-speed windtunnel used for the 
experimental testing has a measured turbulence 
intensity of 𝑇𝑢∞ = 0.24%, which is used in the 
transition model based simulations to reflect the 
appropriate amplification factor. Only tests 
performed at 𝑅𝑒, = 40,000 are investigated here, 
as the other Reynolds numbers fall outside of the 
Reynolds number scope in the present work. The 
section lift-drag polar for the flapped plate is 
shown in Fig. 19. 

The section lift-to-drag ratio versus section lift 
coefficient is shown in Fig. 20. It can be seen that 
in the region of peak lift-to-drag ratio, the laminar 
simulations correlate better than the transition 
model simulations. The differences are stronger 

than for the triangular airfoil correlations (see 
Fig. 14) due to the higher Reynolds number. 

 

 
Fig. 19 Lift-drag polar at Rec = 40,000, experimental results 
from Traub and Coffman.39  

 

 
Fig. 20 Lift-to-drag ratio at Rec = 40,000, experimental results 
from Traub and Coffman.39  

The primary region of interest in the present 
work is the region where the lift-to-drag is 
maximized. Despite the lack of sufficient data 
points to indicate the peak lift-to-drag ratio, the 
laminar calculations show the best correlation. 
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3. Transition Modeling and Laminar 
Calculations 
The previous two validation cases showed the 

close matches of the laminar cases versus the 
transition model based cases. The optimized 
double-edged plate airfoil from Koning et al,10 
shown in Fig. 21, is used here to investigate the 
differences at these conditions of running laminar 
versus running with a transition model. The SA-
AFT2017b model determines the critical 
amplification factor, 𝑁,RCN, as a function of the 
free-stream turbulence intensity, 𝑇𝑢∞, based 
upon Drela’s modification of Mack’s relation.79,83 

 
𝜏 = 2.5 tanh(𝑇𝑢∞ 2.5⁄ ) 

 

𝑁,RCN = −8.43 − 2.4 ln (
𝜏

100) 

 
The transition model simulations were run 

with the OVERFLOW standard freestream 
turbulence intensity of around 𝑇𝑢∞ =̃ 0.082%, 
resulting in an amplification factor of around 
𝑁,RCN =̃ 8.6. It is unclear if modification of this 
factor could improve rotor performance 
predictions by either reducing the amplification 
factor to account for various external 
disturbances/receptivity, or increasing the 
amplification factor to account for favorable 
centrifugal forces acting on the boundary layer.14 
 

 
Fig. 21 Optimized double-edged plate for Re = 16,862 and 
M = 0.52, from Koning et al.10  

The lift curve is plotted for 𝑅𝑒/𝑀 =  33,724 
and 𝑀 = 0.30, 0.50, 0.70 in Fig. 22, Fig. 23, and 
Fig. 24, respectively. The 𝑅𝑒/𝑀 ratio is 
representative for operating conditions of Mars 
rotors.2 The ratio is fixed as Reynolds number will 
scale with RPM and thus with Mach number for 
rotor operation. 

 

 
Fig. 22 OVERFLOW lift curve for Re/M = 33,724 (Re = 10,117) 
for M = 0.30.  

 
Fig. 23 OVERFLOW lift curve for Re/M = 33,724 (Re = 16,862) 
and Re = 10,117 for M = 0.50.   

 
Fig. 24 OVERFLOW lift curve for Re/M = 33,724 (Re = 23,607) 
and Re = 10,117 for M = 0.70. 

The laminar and transition model based 
simulations agree well in the linear regime and 
progressively start to diverge for increased 
Reynolds numbers at angles of attack off-peak 
efficiencies. For constant Reynolds number, 
however, the Mach number variation has a much 
less pronounced effect on transition model 
influence. The lift-to-drag ratio versus section lift 
coefficient for 𝑅𝑒/𝑀 = 33,724 and 𝑀 =
0.30, 0.50, and 𝑀 = 0.70 is shown in Fig. 25, 
Fig. 26, and Fig. 27, respectively.  
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Fig. 25 OVERFLOW Lift-to-drag ratio for Re/M = 33,724 
(Re = 10,117) for M = 0.30.  

 

 
Fig. 26 OVERFLOW Lift-to-drag ratio for Re/M = 33,724 
(Re = 16,862) and Re = 10,117 for M = 0.50.  

 

 
Fig. 27 OVERFLOW Lift-to-drag ratio for Re/M = 33,724 
(Re = 23,607) and Re = 10,117 for M = 0.70.  

With increasing Reynolds number, the 
transition model predicts more rapid deterioration 
of the drag coefficient at stable section lift 
coefficients. The laminar and transition model 
based simulations agree well in the pre-stall, 
positive lift-to-drag ratio region. Similarly, for 
constant Reynolds number, however, the Mach 
number variation has a much less pronounced 
effect on laminar-turbulent transition.  

The amplification factor and modified 
intermittency for an angle of attack of 𝛼 =  5° at 
𝑅𝑒, = 10,117 for 𝑀 = 0.30 is shown in Fig. 28 
and Fig. 29, respectively. The amplification factor 

is highest in the separated shear layer and in the 
vortex cores, with the largest values only attained 
downstream of the trailing edge. The modified 
intermittency shows near-laminar flow around the 
airfoil, despite the amplification factor increase in 
the shear layer and upper surface unsteady flow. 

 

 
Fig. 28 Amplification factor at α = 5.0°, Re = 10,117 for M = 
0.30; highest amplification factor in red, ñmax = 7.2 (transition 
model, time-accurate). 

 

 
Fig. 29 Modified intermittency at α = 5.0°, Re = 10,117 for 
M = 0.30; blue regions indicate laminar flow (transition model, 
time-accurate). 

At a Mach number of around 𝑀 = 0.50, it is 
expected that laminar calculations up to a section 
lift coefficient of 𝑐2 =̃ 1.00 will provide the same 
performance as one with a transition model. For 
higher Mach numbers and angles-of-attack out of 
the linear regime, it is clear that a transition 
model is needed to approximate transitional 
turbulent flow. 
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VI. Optimization Results 

Airfoil optimization is performed for the 
outboard stations (stations 3, 4, and 5) of a 
concept rotor design for an advanced Mars 
Science Helicopter (MSH). The planform is shown 
in Fig. 30. 
 

 
Fig. 30 Rotor planform for advanced Mars Helicopter.  

It is at this stage assumed that the outboard 
regions can be manufactured using a 1% thick 
plate-type airfoil. The 𝑅𝑒/𝑀 values in the Mars 
atmosphere for 2400 RPM are displayed in 
Table 5. Additionally, a station 5 optimization at 
𝑀 = 0.90 is performed (for equal 𝑅𝑒/𝑀) to 
investigate tip airfoil shapes for higher forward 
flight speeds. All optimizations are performed 
both using a cambered plate (CP) optimization 
and a double-edged plate (DEP) optimization.  

Table 5 Reynolds-Mach combinations for hover operation. 

Case Airfoil Station Rec/M M Rec 
1 CP 3 33,511 0.35 11,729 
2 DEP     
3 CP 4 32,427 0.52 16,862 
4 DEP     
5 CP 5 24,321 0.70 17,024 
6 DEP     
7 CP  24,321 0.90 21,889 
8 DEP     

A. Objective Space: Pareto Front 
The optimization results are converted from 

their fitness values 𝑓1 and 𝑓2 to the mean 
sectional lift and drag coefficients 𝑐21

 and 𝑐#1
, 

respectively. The subscript 𝜇 is left out for clarity, 
but all sectional coefficients represent the mean 
value over the converged integrated forces. While 
the computed Pareto fronts demonstrate that 
there are airfoils capable of superior performance 
to the clf5605 airfoils at each lift coefficient, it is 
not evident from this figure that any single, 
optimum airfoil is superior to the clf5605 airfoil at 
every lift coefficient. 

 

1. Cambered Plate (CP) Optimization 
The Pareto front for cambered plate (CP) 

cases is shown in Fig. 31 for case 1, 3, and 5. 
Below, on the same sectional lift coefficient scale, 
the section lift-to-drag ratio is presented. Each 
datapoint represents a single airfoil, and the 
Pareto front (or Pareto optimal set) consists 
therefore of multiple airfoils. The single objective 
optimization (SOO) results from Koning et al.10 
to show the full convergence for 𝑐2 ≈ 0.70. 

  

 
Fig. 31 Optimization results for cambered plate (CP) airfoils: 
Section drag and section lift-to-drag ratio versus section lift 
coefficient for case 1, 3, and 5.  

For each of the conditions, the aerodynamic 
performance of the outboard airfoil of the Mars 
Helicopter, the clf5605 airfoil as shown in Fig. 32, 
is shown for comparison. 

 

 
Fig. 32 Outboard airfoil on Mars Helicopter (r/R > 0.50), from 
Koning et al.2  

 

0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00
radial station, r/R

-0.10

0.00

0.10

0.20

bl
ad

e 
pl

an
fo

rm
, c

/R

(trailing edge)

(leading edge)

station 5station 4station 3

0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60 1.80
0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60 1.80
 0

 5

10

15

20

25

cl

c d

cl

se
ct

io
n 

lif
t t

o 
dr

ag
 ra

tio
, c

l/c
d

Case 1 (Pareto optimal)
Case 1 (all chromosomes)
clf5605 (case 1 conditions)

Case 3 (Pareto optimal)
Case 3 (all chromosomes)
clf5605 (case 3 conditions)

Case 5 (Pareto optimal)
Case 5 (all chromosomes)
clf5605 (case 5 conditions)

SOO (case 1, Koning et al.10) SOO (case 3, Koning et al.10)

-0.20 -0.00 0.20 0.40 0.60 0.80 1.00 1.20
nondimensional chord, x/c

-0.10

0.00

0.10

0.20

no
nd

im
en

sio
na

l h
ei

gh
t, 

y/
c

D
ow

nl
oa

de
d 

by
 W

ito
ld

 K
on

in
g 

on
 J

an
ua

ry
 9

, 2
02

0 
| h

ttp
://

ar
c.

ai
aa

.o
rg

 | 
D

O
I:

 1
0.

25
14

/6
.2

02
0-

00
84

 



21 
 

2. Double-Edged Plate (DEP) Optimization 
 The Pareto front for double-edged plate 
(DEP) cases is shown in Fig. 34 for case 2, 4, and 
6. For both CP and DEP optimization, the 
section lift-to-drag ratio of the optimized airfoils 
on the Pareto front is always higher than the MH 
outboard airfoil at equal section lift. 
 

 
Fig. 33 Optimization results for double-edged plate (DEP) 
airfoils: Section drag and section lift-to-drag ratio versus 
section lift coefficient for case 2, 4, and 6.  

The Pareto front shows drag minimization and 
lift maximization efforts with a peak section lift-
to-drag ratio of (𝑐2 𝑐#⁄ )6M� ≈ 25.20 at 𝑐2 ≈ 0.93 
for 𝑀 = 0.52. 

B. Decision Space: Parameter Variation 
From the Pareto optimal set, information can 

be deduced as to what geometry variation results 
in the highest efficiency for a design lift 
coefficient. 

 
1. Cambered Plate (CP) Geometry 

For the cambered plate (CP) genes, the 
individual decision variables can be generalized to 
obtain the maximum camber, the location of the 
maximum camber, the leading edge slope, and the 

angle of attack. Their dependency can be 
observed over the lift coefficient range of the 
Pareto front. The airfoil parameters are 
summarized in Fig. 34 for case 1, 3, and 5. Table 1 
shows the base constraints for the cambered plate 
geometry, and Table 2 elaborates on the 
geometric meaning of the decision variables. From 
genes 1-4, the Bézier curve is computed, which 
allows computation of the location and magnitude 
of the maximum camber. Gene 5 corresponds to 
the angle of attack. 

 

 
Fig. 34 Optimization results for cambered plate (CP) airfoils: 
decision variables/genes versus section lift coefficient for case 
1, 3, and 5. 

The parameters discussed in Fig. 34 are 
schematically presented in Fig. 35. 

 

 
Fig. 35 Definition of parameters for CP airfoil.  
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The magnitude and location of the maximum 
camber are observed to increase steadily with lift 
coefficient over the Pareto front for all Mach 
numbers. Near and beyond peak efficiency the 
location of maximum camber is nearly constant 
between 0.50 < 𝑥 𝑐⁄ < 0.70. The results show that 
for a cambered plate airfoil the optimal location 
of maximum camber is between 0.50 < 𝑥 𝑐⁄ < 0.60 
and the camber magnitude is proportional to the 
design lift coefficient. There is only slight 
influence of the Mach number on optimal airfoil 
shape, with the exception of the leading edge slope 
variation. 

2. Double-Edged Plate (DEP) Geometry  
For the double-edged plate genes, the individual 
decision variables can be generalized to obtain the 
chordwise locations of the edges, the angles of the 
leading- and trailing-edge deflections, and the 
angle of attack. The airfoil parameters are 
schematically presented in Fig. 36. 

Table 3 shows the base constraints for the 
double-edged plate geometry, and Table 4 
elaborates on the geometric meaning of the 
decision variables. The airfoil parameters are 
summarized in Fig. 37 for case 2, 4, and 6.  
 

 
Fig. 36 Definition of parameters for DEP airfoil.  

From genes 1-4 the leading -and trailing-edge 
angles are computed (with respect to the upper 
surface). Genes 1 and 3 correspond to the x-
coordinate of the leading- and trailing-edge edges 
respectively. Gene 5 corresponds to the angle of 
attack.  
 The results for the hinge locations (gene 1 and 
3) and the leading edge angle show scatter at low 
lift coefficients (𝑐2 ≲ 0.70), which is primarily due 
to the fact that the x-coordinate is not influential 
when a flat plate is approximated near zero-lift. 
At high post peak section lift-to-drag ratios (𝑐2 >
1.00) the scatter also increases due to the onset of 
stall. Near peak performance (0.70 < 𝑐2 < 1.00) 
the Pareto optimal results show the least scatter. 

For the design of a double-edged plate the 
Mach number has considerable influence on the 
location and angle of the leading edge deflection. 
The trailing edge location for the Pareto optimal 
set for moderate lift coefficients is rather constant 
at 𝑥/𝑐 = 0.80. The leading edge angle, trailing 
edge angle, and angle of attack are proportional 
to the design lift coefficient. 

 

 
Fig. 37 Optimization results for double-edged plate (DEP) 
airfoils: decision variables/genes versus section lift coefficient 
for case 2, 4, and 6. 

C.  Airfoil Shapes 
The airfoil with the highest attained lift-to-

drag ratio for case 3 and case 4 is shown in Fig. 38 
and Fig. 39, respectively. The velocity 
magnitudes are shown at the angle of attack for 
highest efficiency. Both cases at M = 0.52 show 
shed vortices at the peak performance, indicating 
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the vortices are in this case beneficial to the 
performance of the airfoil through their low 
pressure cores. 

An example of the variation of airfoil profile 
over a Pareto optimal set is shown for case 3 and 
6 in Fig. 40. 

 

 
Fig. 38 Velocity magnitude for highest attained lift-to-drag 
ratio in case 3, α = 3.5° (transition model, time-accurate). 

 

 
Fig. 39 Velocity magnitude for highest attained lift-to-drag 
ratio in case 4, α = 4.0° (transition model, time-accurate). 

 

 
Fig. 40 Airfoil geometry variation over the Pareto optimal set 
for case 3 and 6. 

D. High Subsonic Mach Performance 
The thin optimized profiles naturally have an 

advantage over the clf5605 airfoil due to its 5% 
airfoil thickness. The CP and DEP optimized 
airfoils for 𝑀 = 0.90 are shown in Fig. 41. 

 

 
Fig. 41 Optimization results for M = 0.90: Section drag and 
section lift-to-drag ratio versus section lift coefficient for case 7 
and 8.  

The results show that during forward flight 
maneuvers, the benefit of a thin (optimized) tip 
airfoil results in substantial airfoil efficiency 
improvements. 

E. Performance Overview 
The peak lift-to-drag ratios for each case are 

summarized in Table 6. The peak lift-to-drag 
ratio for the outboard airfoil of the Mars 
Helicopter, clf5605, is presented for the same 
operating conditions. The difference column 
indicates the percent difference from cases 1-8 
compared to the clf5605 peak lift-to-drag ratio for 
each respective condition.  

For all Pareto optimal sets the peak lift-to-
drag ratio is achieved at 0.80 < 𝑐2 < 1.00, except 
for cases at 𝑀 = 0.90 where it occurs around 𝑐2 =
0.45.  
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Table 6 Reynolds-Mach combinations for hover operation. 

Case Airfoil Rec M (cl/cd)max clf5605 difference 
1 CP 11,729 0.35 20.68 17.79 16.8% 
2 DEP   21.56  21.1% 
3 CP 16,862 0.52 23.78 20.03 18.7% 
4 DEP   25.20  25.8% 
5 CP 17,024 0.70 23.92 16.98 40.9% 
6 DEP   22.61  33.2% 
7 CP 21,889 0.90 14.93 6.25 238.88%§ 
8 DEP   15.38  246.08% 

 

VII. Conclusion 

Unconventional airfoil shapes with sharp 
leading edges are explored and optimized for 
aerodynamic performance at representative 
Reynolds-Mach combinations for a concept Mars 
rotor. Sharp leading edges initiate immediate flow 
separation at the leading edge, and the occurrence 
of large-scale vortex shedding is found to 
contribute to the relative performance increase of 
the optimized airfoils, compared to conventional 
airfoil shapes.  

The oscillations are shown to occur independent 
from laminar-turbulent transition, and transition 
modeling is shown to be necessary at the higher 
end of the Reynolds number range considered 
and/or at very high angles of attack. The 
influence of the Mach number on laminar-
turbulent transition is found to be low in the 
current regime. 

Pareto optimal sets are shown for various 
operating conditions and general design 
considerations for a cambered plate or double-
edged plate in this regime are deduced. 
Comparisons are presented to the performance of 
the outboard Mars Helicopter airfoil. Peak lift-to-
drag ratio increases between 17% and 41% are 
observed for similar section lift, indicating the 
beneficial performance of plate-type airfoils for 
low Reynolds number applications. 

VIII. Future Work 

The wings of various insects and birds operate 
at similar Reynolds numbers to the Mars 
Helicopter rotor. Dragonflies, locusts, and swifts 
are all able to glide,62,84,85 making their airfoil 
profiles of interest for steady or rotary wing 

 
§ At different section lift coefficients, see Fig. 41. 

optimization for the design of airfoils at the 
Reynolds number range under consideration. 
These airfoils usually contain large-scale 
chordwise corrugations that are associated with 
the dynamics of the laminar separation bubble 
formation for swifts and dragonflies,59,61,62 and are 
observed to reduce integrated force fluctuations 
leading to lower mean drag (as compared to the 
Eppler E-61 airfoil).58 

Optimization for the inboard sections (stations 
1 and 2) of the rotor design will require thicker 
profiles for structural considerations. This opens 
up various possible design and optimization 
approaches such as a polygonal airfoils10 at fixed 
thickness, or airfoil corrugations as they are found 
to improve the structural stiffness of the wing for 
dragonfly airfoils.59,86 

For more detailed design, Pareto front quality 
enhancements (through both evaluation of higher 
number of generations and algorithm 
improvements) are required. This will also allow 
a fair comparison between the different airfoil 
types. 

Further studies will also look into pressure and 
skin friction distributions over the airfoil to 
investigate the flow physics and the performance 
contributions of the top and bottom surfaces of 
the airfoil. 
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